INTRODUCTION
============

*The Scream* motif, created by Edvard Munch between 1893 and 1916 in several versions, is one of the world's most famous representations of the existential anguish, melancholy, and loneliness of modern people. The series comprises four different versions in paint and pastel as well as a series of lithographic prints, several drawings, and sketches. The two paintings, made in 1893 and ca. 1910, are the most well-known versions and belong to the National Gallery and the Munch Museum in Oslo, respectively ([@R1]--[@R3]).

Munch described the basic experience behind the picture as follows ([@R4]): "I walked one evening on a road. I was tired and ill --- I stood looking out across the fjord --- the sun was setting --- the clouds were colored red --- like blood --- I felt as though a scream went through nature --- I thought I heard a scream. --- I painted this picture --- painted the clouds like real blood. The colors were screaming."

Technical examination of the two painted versions ([@R5]) has revealed how Munch experimented with the use of diverse binding media (tempera, oil, and pastel) in mixtures with brilliant and bold synthetic pigments from the late 18th to 19th century (such as zinc white, Prussian blue, synthetic ultramarine blue, chrome yellow, chrome green, cadmium orange, and cadmium yellow) to make "colors screaming" by combinations of brightly saturated contrasting colors and variations in the degree of glossiness of their surfaces.

The extensive use of these new colored materials poses a challenge for the long-term preservation of Munch's artworks because of their tendency to undergo (photo-)chemical transformations causing color changes and/or structural damage ([@R6]--[@R11]). The version of *The Scream* (ca. 1910) that belongs to the Munch Museum clearly exhibits signs of degradation in the sunset cloudy sky and in the neck area of the central figure, where cadmium yellow brushstrokes have altered to an off-white color, and in the lake water, where a thickly applied opaque cadmium yellow paint is affected by flaking and by paint loss ([Fig. 1](#F1){ref-type="fig"}). This fact raised so many concerns that since 2006, after the recovery from the theft of the painting (which caused additional damage to the cardboard), it has been rarely shown to the public. Instead, it was preserved in a protected storage area, under controlled conditions of lighting, temperature (\~18°C), and relative humidity (RH) (\~50%).

![Degraded cadmium yellow paints and ultraviolet--visible--near-infrared spectroscopy single-point analysis in *The Scream* (ca. 1910).\
Photograph of *The Scream* (ca. 1910) (Munch Museum, Oslo; catalog no. Woll.M.896) and overview of the areas where ultraviolet--visible--near-infrared (UV-vis-NIR) reflection and fluorescence spectroscopy single-point measurements were performed (see [Fig. 2](#F2){ref-type="fig"} and fig. S1 for the corresponding spectra). Arrows show the sampling spot and the degraded cadmium yellow paints. Photo credit: Irina Crina Anca Sandu and Eva Storevik Tveit, Munch Museum.](aay3514-F1){#F1}

Cadmium sulfide--based yellows (CdS/Cd~1-*x*~Zn*~x~*S), present in a number of artworks by masters contemporary to Edvard Munch, such as Henri Matisse ([@R12]--[@R15]), Vincent van Gogh ([@R16]), and James Ensor ([@R17]), have been documented to suffer from discoloration, flaking, and chalking of the paint films. In these cases, whitish compounds, namely, cadmium sulfate (CdSO~4~·nH~2~O) ([@R12]--[@R17]), cadmium oxalate (CdC~2~O~4~) ([@R13]--[@R16]), and cadmium carbonate (CdCO~3~) ([@R12]--[@R15]), were identified and tentatively proposed as either photodegradation products of the original cadmium yellow pigment or as residues of its synthesis process. Assessment of the condition of cadmium yellow paints is complicated by the fact that the chemical stability of these pigments may depend on their manufacturing process. Two routes, a "dry" and a "wet" method, were used for synthesizing late 19th to early 20th century cadmium yellow pigments ([@R18]). In the dry process, either metallic cadmium, cadmium oxide, or cadmium carbonate is calcined (ca. 300°C to 600°C) in an anoxic environment with pure sulfur in excess. The wet process involves the precipitation of one or more cadmium salts (e.g., CdCl~2~, CdSO~4~, and CdCO~3~) with a soluble sulfide compound (e.g., Na~2~S, H~2~S, Na~2~S~2~O~3~, and BaS). If a soluble zinc salt, usually with the same anion as the cadmium salt, is added before precipitation, then a Cd~1-*x*~Zn*~x~*S is obtained to provide different yellow hues according to the Cd/Zn ratio ([@R18]).

In the earlier productions based on wet processes, CdS may coexist with a number of residues of the starting reagents and/or secondary products, including various chlorine compounds \[e.g., NaCl, CdCl~2~, and Cd(OH)Cl\], sulfates (e.g., Na~2~SO~4~ and CdSO~4~), and CdCO~3~ ([@R18]--[@R21]). Studies dating back to late 19th and early 20th century ([@R22], [@R23]) have suggested that the presence of these additional components may be one of the reasons why the cadmium yellow varieties produced by the wet processes are, in general, more prone to chemical changes than those synthesized via the dry processes.

Earlier scanning electron microscopy--energy-dispersive x-ray and Fourier transform infrared (FTIR) investigations of selected microsamples of *The Scream* (ca. 1910) revealed that CdCO~3~ is the main paint component in the paler yellow tones of the sky and the neck of the central figure, whereas the same compound was shown to be present mixed with variable amounts of S, Cl, and Na compounds in the lake region ([@R3]). These observations leave the following key questions to be answered: (i) Is there any correlation between the extent of degradation observed on the CdS-based paint surface and its chemical composition? (ii) What is the nature of the alteration compounds of cadmium yellow paints? (iii) Which environmental factors contribute to promote degradation of cadmium yellow paints? Finding an answer to these questions is highly relevant for setting the basis of appropriate preventive conservation strategies for *The Scream* (ca. 1910) that have the ultimate ambition to allow the painting to be returned to the public galleries of the Munch Museum.

Aimed at shedding light on these issues, we benefitted from a combination of macroscale in situ noninvasive elemental and molecular techniques (from the IR to the x-ray range) and synchrotron radiation (SR)--based x-ray microspectroscopy methods to obtain a complete overview of the different CdS-based paints used throughout *The Scream* (ca. 1910). In addition, we assessed the current condition of the paint in the lake region by analyzing a microsample by means of SR-based x-ray methods, and results were compared with outcomes arising from accelerated aging treatments (light and moisture) of a series of CdS-based oil paint mock-ups. This allowed for a deeper understanding of the role played by compositional and environmental factors on the decay of the cadmium yellow paints.

RESULTS AND DISCUSSION
======================

Noninvasive chemical characterization and mapping of CdS-based paints in *The Scream* (ca. 1910)
------------------------------------------------------------------------------------------------

A selection of results from the noninvasive analytical MOLAB campaign carried out at the Munch Museum in 2017 is presented in [Fig. 2](#F2){ref-type="fig"} for the scenery of the background. The macro--x-ray fluorescence (MA-XRF) elemental map of Cd ([Fig. 2B](#F2){ref-type="fig"}) shows an extensive use of Cd-based pigments in the red, orange, and yellow hues. Selenium was detected only in a few small spots related to past restorations, thus proving that Munch, assumed to have created this painting in 1910, made use of CdS-based pigments and not of cadmium sulfur selenide ones \[reported to be commercially available since 1910 ([@R24])\]. Ultraviolet--visible--near-IR (UV-vis-NIR) reflection and fluorescence spectroscopy, both by imaging and single-point analysis mode, with the support of FTIR reflection spectroscopy and MA-XRF mapping permitted us to differentiate three different CdS-based paints.

![Sky and lake regions: In situ noninvasive spectroscopic results.\
(**A**) Photograph of a detail of the sky and lake areas of *The Scream* (ca. 1910) and (**B**) corresponding composite red-green (RG) MA-XRF maps of Cd (red) and Cl (green). Photo credit: Irina Crina Anca Sandu and Eva Storevik Tveit, Munch Museum. (**C**) Spatial distribution of CdS luminescence with λ~max~ at 775 nm \[Paint (c)\]. (**D** to **F**) UV-vis-NIR reflectance and fluorescence spectra and (**G** to **I**) FTIR pseudo-absorbance profiles recorded from selected CdS-based areas of the sky (pts. 1 to 3 and 6) and of the lake (pts. 4 and 5) compared to those of chosen reference compounds (gray). In (E), (F), (H), and (I), numbers in brackets refer to the spectra showing similar features to those shown (see [Fig. 1](#F1){ref-type="fig"} and fig. S1 for additional UV-vis-NIR spectroscopy results). Asterisks in (D) to (F) indicate a signal not related to CdS but likely due to both the reflection/scattering of the excitation source and the emission of the binder and/or other fluorophores.](aay3514-F2){#F2}

### Paint (a)

The orange Cd-based paints ([Fig. 2A](#F2){ref-type="fig"}, pt. 1) are characterized by UV-vis-NIR reflectance spectra with an inflection point at about 530 to 540 nm ([Fig. 2D](#F2){ref-type="fig"}), which are not assignable to a specific CdS-based pigment because they are affected by the copresence of vermilion (α-HgS); the latter is largely present in the red/orange hues of the background landscape (fig. S1). The specific nature of the CdS pigment can be determined via analysis of its vis-NIR emission spectrum, which shows the presence of a weak fluorescence in the range 840 to 860 nm ([Fig. 2D](#F2){ref-type="fig"}). The band is attributable to a mixture of hexagonal and cubic CdS (hereafter denoted as hex-CdS and cub-CdS, respectively; see fig. S1E) and is originated from trap states at the semiconductors' surface, called DLEs (deep-level emissions) ([@R19]). Strong signals of zinc oxalate (ZnC~2~O~4~·2H~2~O) were observed by FTIR ([Fig. 2G](#F2){ref-type="fig"}). Generally, the widespread occurrence of oxalates is an evidence for oxidative stress of the binder ([@R25]) that, in this painting, is characterized by a lipid component variably observed in the different Cd-based paints.

### Paint (b)

The paints of the sky and the neck of the central figure have altered to off-white ([Fig. 2A](#F2){ref-type="fig"}, pts. 2 and 3, and fig. S1, pt. 7) and show UV-vis-NIR reflectance profiles very similar to those registered on the cardboard, without any clear spectral contribution due to a CdS pigment. However, the higher sensitivity of vis-NIR fluorescence spectroscopy allowed us to detect a weak emission from residual CdS ([Fig. 2E](#F2){ref-type="fig"} and fig. S1). The shape and position of the luminescence (λ~max~ = 790 to 795 nm) indicate the presence of hex-CdS, as shown by comparison with the spectra of powders of commercial crystalline hex-CdS and historical semicrystalline hex-CdS (fig. S1).

### Paint (c)

The opaque yellow impasto paints of the sky ([Fig. 2A](#F2){ref-type="fig"}, pt. 6) and of the lake water ([Fig. 2A](#F2){ref-type="fig"}, pts. 4 and 5) are characterized by UV-vis-NIR reflectance profiles showing a broad sigmoidal shape ([Fig. 2F](#F2){ref-type="fig"}), which is attributable to a low degree of crystallinity ([@R26]). The shape and position of the strong DLE band at λ~max~ = 775 to 785 nm suggest the main presence of hex-CdS ([Fig. 2F](#F2){ref-type="fig"}). The paints belonging to group (c) can be spatially visualized by luminescence imaging at 775 nm ([Fig. 2C](#F2){ref-type="fig"}). As shown by the MA-XRF maps of Cd and Cl ([Fig. 2B](#F2){ref-type="fig"}), these areas are also characterized by a larger relative abundance of chlorine with respect to the faded off-white strokes \[Paint (b)\] and the orange paints \[Paint (a)\]. Through vis-NIR and FTIR reflection spectroscopies, chlorine is associated with the presence of cadmium hydroxychloride \[Cd(OH)Cl\] ([Fig. 2F](#F2){ref-type="fig"}, band at 1455 nm; [Fig. 2I](#F2){ref-type="fig"}, bands at 4336, 4240, and 3848 cm^−1^). This compound was only detected (in varying amounts) in the yellow impasto of the lake and the sky ([Fig. 2, A, F, and I](#F2){ref-type="fig"}, pts. 4 to 6).

In all the yellow CdS-based paints \[Paint (b) and Paint (c)\], the presence of both CdCO~3~ and one or more types of oxalates (possibly of Zn and/or of Cd) is observed ([Fig. 2, H and I](#F2){ref-type="fig"}). The presence of both Cd(OH)Cl and CdCO~3~ \[Paint (c)\] may be related to the older practice of producing lighter shades of cadmium yellow most likely via a wet process ([@R18], [@R21]--[@R23]). This hypothesis is also consistent with the low degree of crystallinity of hex-CdS, as revealed by UV-vis-NIR spectroscopy. Actually, earlier productions based on wet processes (i.e., without calcination) were found to usually yield high levels of poorly crystalline CdS ([@R21]).

Assessment of the degradation state of the cadmium yellow paint in the lake area
--------------------------------------------------------------------------------

A selective microsampling of the flaking-off region of the lake area \[Paint (c)\] offered the opportunity to study more in depth the state of degradation of the CdS-based paint at this specific location ([Fig. 1](#F1){ref-type="fig"}). A paint microsample was obtained by scraping the surface, resulting in six discrete micrometric flakes. All of them were directly analyzed, without any additional preparation, by μ-Raman spectroscopy and SR-based x-ray microspectroscopy methods, namely, micro--x-ray diffraction (μ-XRD), μ-XRF, and micro--x-ray absorption near-edge structure (μ-XANES) spectroscopy at S K-, Cl K-, and Cd L~3~-edges to obtain speciation information on the S, Cd, and Cl compounds present.

The results related to two of the microflakes (ScMM~01~ and ScMM~02~; see [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), representative of the composition of the microsampling spot, are discussed here.

![Microflake ScMM~01~: S speciation results.\
(**A**) Photomicrograph of microflake ScMM~01~ taken from *The Scream* (ca. 1910) (see [Fig. 1](#F1){ref-type="fig"} for the sampling spot) and corresponding SR μ-XRD distribution of (**B**) hex-CdS and (**C**) Cd(OH)Cl/CdSO~4~/CdCO~3~ \[step size (h × v), 2 × 2 μm^2^; exp. time, 10 s per pixel; energy, 8.5 keV\]. (**D**) Composite red-green-blue (RGB) SR μ-XRF maps of S^-II^/S^VI^/Cd \[step size (h × v), 0.8 × 0.8 μm^2^; exp. time, 100 ms per pixe\]. (**E**) Selection of S K-edge spectra (black) and result of the linear combination fitting (LCF) (cyan) of different S-based compounds obtained from the spots indicated in (D). In gray, the spectral profiles of selected reference compounds are reported for comparison. Numbers in brackets refer to the spectra showing similar features to those reported (see [Fig. 4](#F4){ref-type="fig"} for the corresponding Cl speciation results).](aay3514-F3){#F3}

![Microflakes: Cl speciation results.\
Composite RG SR μ-XRF maps of Cl/K recorded from microflakes (**A**) ScMM~01~ and (**B**) ScMM~02~ \[step size (h × v), 0.8 × 0.8 μm^2^; exp. time, 100 ms per pixel\]. Selection of the Cl K-edge spectra (black) compared to those of different Cl reference compounds (gray) obtained from (**C**) ScMM~01~ and (**D**) ScMM~02~. Spectral profiles were recorded from the spots indicated in (A) and (B). In (C) and (D), numbers in brackets refer to the spectra showing similar features to those reported (see [Fig. 3](#F3){ref-type="fig"} for the corresponding S speciation results).](aay3514-F4){#F4}

The composition of the flake ScMM~01~ corroborates the noninvasive characterization, by revealing the presence of hex-CdS with a low degree of crystallinity (fig. S2) along with sparse aggregates of crystalline hex-CdS ([Fig. 3B](#F3){ref-type="fig"}). In addition, CdCO~3~ was found as main crystalline phase ([Fig. 3C](#F3){ref-type="fig"} and fig. S2).

SR μ-XRF and S chemical speciation maps ([Fig. 3D](#F3){ref-type="fig"}) reveal that Cd and S^-II^ species are homogenously distributed throughout the yellowish paint, while S^VI^ compounds are localized as agglomerates with diameter of \~3 to 12 μm. S^-II^ and S^VI^ species are unambiguously identified in the S K-edge μ-XANES spectra ([Fig. 3E](#F3){ref-type="fig"}) by the signals at \~2.473 and \~2.482 keV, for sulfides (S^-II^) and sulfates (S^VI^), respectively. Moreover, the spectral feature positioned at \~2.4783 keV points toward the sporadic occurrence of sulfite (S^IV^) compounds ([@R27]). Regarding flake ScMM~02~, similar S speciation results were obtained (data not shown).

To determine the nature and the relative concentrations of various S species, we described each S K-edge μ-XANES spectrum as a linear combination of three to four S reference compounds \[the best linear combination fitting (LCF) being obtained by including the XANES spectra of CdS, Na~2~SO~3~, Na~2~SO~4~, and/or CdSO~4~\]. Among the S-containing phases, the LCF results ([Fig. 3E](#F3){ref-type="fig"}) reveal that the paint matrix is mainly composed of CdS, whereas sulfates with minor abundances of sulfites (Na~2~SO~3~) are locally present. The sulfate agglomerates consist of Na~2~SO~4~ along with a variable contribution of CdSO~4~ \[some of them are also revealed by SR μ-XRD ([Fig. 3C](#F3){ref-type="fig"})\].

SR μ-XRF maps of ScMM~01~ and ScMM~02~ ([Fig. 4, A and B](#F4){ref-type="fig"}) also revealed that Cl and K species are both diffused within the paint and sometimes colocalized. The series of Cl K-edge μ-XANES spectra acquired from ScMM~01~ ([Fig. 4C](#F4){ref-type="fig"}) strongly resemble the profile of Cd(OH)Cl, a compound also revealed by SR μ-XRD ([Fig. 3C](#F3){ref-type="fig"}). In the other investigated flake ([Fig. 4D](#F4){ref-type="fig"}), although having a similar composition, NaCl and KCl particles were also identified. In addition, in selected locations, the broad XANES feature at 2.8258 keV suggests the presence of other inorganic Cl compounds, possibly chlorides of Al, Ca, and/or Fe (SR μ-XRF maps are not shown) ([@R28]).

The detection of various chlorine compounds \[NaCl, KCl, and Cd(OH)Cl\] and CdCO~3~ further supports the hypothesis that the semicrystalline hex-CdS pigment used here was produced by a wet process, which may explain the presence of sulfates (Na~2~SO~4~ and CdSO~4~) as residues of the pigment synthesis ([@R18]). On the other hand, the identification of sulfites, which are reported to be intermediates of the oxidation of sulfides to sulfates ([@R29]), suggests that CdSO~4~ is also an oxidation product of the original CdS pigment.

Study of CdS oxidation in oil paint mock-ups made of historical pigment formulations
------------------------------------------------------------------------------------

To assess the effect of different environmental parameters on the oxidation process of the CdS-based oil paints on *The Scream* (ca. 1910), we studied a series of oil paint mock-ups prepared using (i) an early 20th century cadmium yellow pigment powder (henceforth referred to as "7914") from the collection of the Cultural Heritage Agency of the Netherlands (RCE) ([@R19]) mixed with linseed oil and (ii) an oil paint tube used by Munch himself (hereafter denoted as "LFG 2.4"), labeled *Jaune de cadmium citron* (cadmium yellow lemon) and manufactured by Lefranc (see Materials and Methods for details). The mock-ups were subjected to accelerated aging under UVA-vis light at RH = 45%, UVA-vis light at RH ≥ 95%, and thermal aging at *T* = 40° and RH ≥ 95% (in table S1, [Figs. 5](#F5){ref-type="fig"} to [7](#F7){ref-type="fig"}, and figs. S3 to S6 denoted as "UVA-vis~45%RH~", "UVA-vis~95%RH~", and "thermal~95%RH~", respectively). In what follows, a selection of the most meaningful results for the discussion is provided.

![Unaged early 20th century cadmium yellow oil paint mock-up (7914).\
(**A**) Photomicrograph of 7914 thin section before aging and corresponding RGB composite (**B**) SR μ-XRD maps of hex-CdS/Cd(OH)Cl/CdCO~3~ \[step size (h × v), 1 × 1 μm^2^; exp. time, 1 s per pixel; energy, 21 keV\] and (**C**) SR μ-XRF maps of S^-II^/Cl/Cd \[step size (h × v), 1×1 μm^2^; exp. time, 100 ms per pixel\] recorded from the area shown in (A). Selection of μ-XANES spectra at (**D**) S K-edge and (**E**) Cl K-edge obtained from the points indicated in (C) and LCF results (cyan) of different S-based reference compounds. In (D) and (E), the spectral profiles of selected reference compounds are reported in gray color for comparison, whereas numbers in brackets refer to the spectra showing similar features to those reported (see table S1 for additional results).](aay3514-F5){#F5}

![Artificially aged 7914 mock-up.\
(**A**) Photomicrograph of 7914 thin section after thermal aging (RH ≥ 95%, *T* = 40°C, 90 days). (**B**) Quantitative Cd phase images obtained from the LCF of the full-field (FF)--XANES stack using the profiles of CdS (red), CdSO~4~·nH~2~O/(Cd,Cl) chlorides (green), and CdC~2~O~4~·3H~2~O/CdCO~3~ (blue). RGB composite (**C**) SR μ-XRD images of hex-CdS/Cd(OH)Cl/CdCO~3~ \[step size (h × v), 1.5 × 1.5 μm^2^; exp. time, 1 s per pixel; energy, 21 keV\] and (**D**) SR μ-XRF maps of S^-II^/S^VI^ \[step size (h × v), 1 × 1 μm^2^; exp. time, 100 ms per pixel\] acquired from the regions shown in (A). Selection of μ-XANES spectra at (**E**) S K-edge and (**F**) Cl K-edge obtained from the points indicated in (D) and LCF results (cyan) of different S-based reference compounds. In (E) and (F), the spectral profiles of selected reference compounds are reported in gray color for comparison, whereas numbers in brackets refer to the spectra showing similar features to those reported (see figs. S3 to S5 and table S1 for additional results).](aay3514-F6){#F6}

![Munch's cadmium yellow lemon oil paint tube (LFG 2.4).\
Photomicrographs of LFG 2.4 thin sections (**A**) before and (**E**) after thermal aging (RH ≥ 95%, *T* = 40°C, 90 days). RGB composite SR μ-XRF images of (**B**) S^-II^/S^VI^ and (**C**) Cl/Cd \[step size (h × v), 1 × 1 μm^2^; exp. time, 100 ms per pixel\] recorded from the area shown in (A). (**D**) Selection of S K-edge μ-XANES spectra (black) obtained from the points indicated in (B) and corresponding LCF results (cyan). RGB composite SR μ-XRF images of (**F**) S^-II^/S^VI^ and (**G**) Na/Cl/Cd \[step size (*h* × *v*), 1 × 0.8 μm^2^; exp. time, 80 ms per pixel\] acquired from the region illustrated in (E). (**H**) Selection of S K-edge μ-XANES spectra (black) obtained from the points indicated in (F) and LCF results (cyan). In (D) and (H), numbers in brackets indicate the profiles showing similar spectral features to those shown (see fig. S6 and table S1 for further results).](aay3514-F7){#F7}

Early 20th century cadmium yellow pigment 7914
----------------------------------------------

The historical pigment powder 7914 was specifically selected for having absorption and emission properties \[fig. S1 and ([@R19])\] and a chemical composition similar to that of the cadmium yellow paint in the lake area. From the presence of both Cd(OH)Cl and CdCO~3~ as additional major phases in the CdS ([Fig. 5](#F5){ref-type="fig"}), along with a smaller amount of KCl (table S1), we infer that pigment 7914 is composed of poorly crystalline hex-CdS, possibly produced by a wet process. Neither sulfates (e.g., Na~2~SO~4~ and CdSO~4~) nor sulfites (e.g., Na~2~SO~3~) were detected as original constituents of the pigment powder.

As a first step, we have evaluated the stability of the 7914 oil paint mock-up after exposure to UVA-vis light at RH = 45% (fig. S3). After aging, no evidence of photo-oxidation of hex-CdS to CdSO~4~ was found, in line with our previous studies on pure CdS oil mock-ups (i.e., without any synthesis residues, such as Cl compounds) ([@R30]). However, the formation of cadmium carboxylates was revealed by FTIR (data not shown; see table S1 for details).

In a second step, the effects of thermal aging at RH ≥ 95% (without exposure to light) were studied. This resulted in a highly relevant phenomenon: the formation of S^VI^-rich aggregates within the S^-II^-based matrix, as evidenced by the S speciation distributions ([Fig. 6, A and D](#F6){ref-type="fig"}). The LCF result of the S K-edge μ-XANES spectra ([Fig. 6E](#F6){ref-type="fig"}) shows that the aggregate (pt. 02~S~) is mainly composed of CdSO~4~/CdSO~4~·nH~2~O and that lower amounts of the same compounds (pts. 01~S~ and 03~S~) are sporadically present in the CdS-based matrix. In the S^VI^-rich aggregate (pt. 02~S~), an additional peak at 2.4783 keV is ascribable to SO~3~^2−^ species (\~15%) that are likely formed as intermediates of the oxidation process of the pigment ([@R29]).

These newly formed Cd species are better visualized in the full-field (FF)--XANES Cd phase images and SR μ-XRD maps ([Fig. 6, B and C](#F6){ref-type="fig"}, and fig. S4) in which, within the hex-CdS/CdCO~3~-based 7914 paint matrix, minor amounts of CdC~2~O~4~·3H~2~O, CdSO~4~·nH~2~O, and CdCl~2~·nH~2~O are observed and localized in small aggregates (ca. 10 μm in diameter). The three latter compounds were not detected by μ-XRD, possibly because of their amorphous nature. Furthermore, the formation of Cd carboxylates was revealed by FTIR (spectra not reported; see table S1 for details).

It is notable that the results also reveal the colocalized presence of Cl species and cadmium sulfates: Cd(OH)Cl is mainly localized in the S^VI^-rich aggregate that formed in situ during aging ([Fig. 6, B to D](#F6){ref-type="fig"}). The μ-XRD patterns recorded from this region (fig. S5) show an extensive broadening of the Cd(OH)Cl signals compared to those that are visible in the profiles of sample 7914 before artificial aging. We assume that this is due to the nanometric crystal size of this compound (\>10 nm) ([@R31]). In agreement with the SR μ-XRD analysis, the slight broadening and shifting toward lower energies (from 2.8277 to 2.8262 keV) of the most intense post-edge absorption feature in some Cl K-edge μ-XANES spectra ([Fig. 6F](#F6){ref-type="fig"}) is ascribable to amorphous (Cd,Cl) compounds.

Overall, these results suggest that the original Cd(OH)Cl may have dissolved, migrated, and recrystallized as nanoparticles, possibly simultaneously with the oxidation of CdS to CdSO~4~. Whether the presence of Cd(OH)Cl has effectively stimulated the oxidation process is not clear.

In a third experiment, the effect of combined aging, i.e., exposure to UVA-vis light and humidity (RH ≥ 95%) (data not shown; see table S1 for an overview of the results) were considered. The chemical transformations induced in this manner are very similar to those only exposed to thermal aging ([Fig. 6](#F6){ref-type="fig"}), pointing out the dominant role of moisture on the oxidation process of the CdS-based oil paint in which (Cd,Cl) compounds are present.

In summary, the above-described findings demonstrate the joint action of (Cd,Cl) compounds and moisture in the oxidation of the CdS pigment to CdSO~4~ in the oil binder. The results also show that the exposure to moisture promotes the migration of (Cd,Cl) species through the paint along with the oxidation of the original CdS to CdSO~4~. Note that the formation of neither CdSO~4~ nor cadmium carboxylates was observed on Cl-free CdS oil paint mock-ups aged under similar conditions ([@R30]). Therefore, this strongly suggests that the presence of Cd(OH)Cl \[and possibly other (Cd,Cl) compounds\] is a key factor promoting degradation of CdS. The photodegradation of CdS, on the other hand, does not appear to be influenced by the absence or presence of (Cd,Cl) compounds.

Munch's oil paint tube "cadmium yellow lemon" LFG 2.4 by Lefranc
----------------------------------------------------------------

To further explore the influence of moisture and that of the presence of (Cd,Cl) and Na compounds \[the latter being observed in the available paint microflakes from *The Scream* (ca. 1910)\] in a more complex paint system, we have also investigated mock-up samples prepared with the material from paint tube LFG 2.4, used by Munch. Before artificial aging, hex-CdS, cub-CdS and CdCO~3~ are homogenously distributed throughout the paint (fig. S6). The Sulfur speciation maps ([Fig. 7, A and B](#F7){ref-type="fig"}) in combination with S K-edge μ-XANES investigations ([Fig. 7D](#F7){ref-type="fig"}) reveal the presence of a rather uneven distribution of S^VI^ species (likely CdSO~4~·H~2~O; ≈5 to 15%) and S^IV^ compounds (possibly Na~2~SO~3~; ≈10%). These findings suggest that a partial natural aging of the paint might have already occurred during the one century lifetime of the paint tube. In addition, the presence of (Cd,Cl) compounds is revealed by μ-XRF ([Fig. 7C](#F7){ref-type="fig"}) and Cl K-edge μ-XANES spectroscopy (data not shown), having a homogeneous distribution.

Thermal aging of the paint (RH ≥ 95%, *T* = 40°C, 90 days) clearly promoted the formation of Cd/S^VI^ and Na/S^VI^ aggregates \[see μ-XRF maps and S speciation distributions in [Fig. 7](#F7){ref-type="fig"} (E to G)\]. Furthermore, after aging, Cl compounds, originally homogenously distributed throughout the paint, became mainly localized in the Cd/S^VI^ aggregates ([Fig. 7, F and G](#F7){ref-type="fig"}). In these areas, CdSO~4~·nH~2~O and CdS were found to be the main components along with SO~3~^2−^ compounds as minor phases ([Fig. 7, F and H](#F7){ref-type="fig"}, pts. 01~S~ to 04~S~). In the two Na/S^VI^ aggregates (pts. 05~S~ and 14~S~), Na~2~SO~4~ and CdS are the dominant phases together with smaller amounts of CdSO~4~·nH~2~O and possibly SO~3~^2−^ compounds. This migration of the (Cd, Cl) compounds either proceeds in parallel or becomes triggered or is itself responsible for triggering the oxidation of CdS to CdSO~4~. Other aging experiments (e.g., with observation at the nanoscale of Cl-containing CdS) are required (and planned) to obtain definite insights in this matter.

The identification of highly water-soluble materials such as Na~2~SO~4~ and (Cd,Cl) compounds, both in the LFG 2.4 paint and in the microflakes from *The Scream* ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), also leads to the question of whether and to what extent their solubility influences the degradation state of the cadmium yellow paint under high humidity conditions. This was further investigated by thermal aging (RH ≥ 95%, *T* = 40°C) of two oil paint mock-ups prepared by mixing pure hex-CdS with Na~2~SO~4~ and CdCl~2~. The results (see section S4 for details) confirmed that after exposure to moisture, soluble Na~2~SO~4~ and CdCl~2~ dissolve, migrate through the paint, and, upon recrystallization, give rise to CdSO~4~- and NaCl-based compounds. It follows that cadmium sulfate may be present not only as an oxidation product of CdS or as a direct leftover reagent but also as a secondary product arising from the dissolution and recrystallization of soluble sulfate-containing leftover reagents.

CONCLUSIONS
===========

A two-length scale approach has been presented here to investigate the chemistry of CdS-based pigments of *The Scream* (ca. 1910) by combining noninvasive elemental and molecular spectroscopies at the macroscale with SR--based x-ray methods at the microscopic level. The results from the extensive in situ noninvasive investigation provided us with a representative overview of the chemical composition and distribution of the different CdS-based paints used by Munch in his masterpiece. Notably, two different types of the cadmium yellow pigment were identified: poorly crystalline hex-CdS and cub-CdS.

Evidence of degradation either in the form of flaking detachment (opaque yellow impasto paints of the lake water) or discoloration to an off-white color (in the sunset sky area and the neck region of the central figure) was primarily observed for CdS yellow oil paints made of hex-CdS pigments that exhibit a low degree of crystallinity and contain significant amounts of CdCO~3~ along with a variable content of chlorine compounds. The compositional profile has revealed the use of a CdS yellow pigment produced by the wet process without calcination. On the other hand, orange paints, composed of a mixture of hex-CdS/cub-CdS and variable amount of HgS, without CdCO~3~- and Cl-based compounds, do not show evident signs of degradation.

Insight into the nature of the alteration compounds present in the flaking impasto paint was provided by microspectroscopy investigations of a microsample obtained from the lake area. The most important result was the first ever reported evidence of the presence of oxidized sulfur compounds in the CdS-based paints of *The Scream* (ca. 1910). Notably, variable amounts of CdSO~4~ and sulfites species were found to be widespread throughout the paint matrix, whereas Na~2~SO~4~ was present in the form of aggregates. Different chloride-based compounds, including Cd(OH)Cl, NaCl, and KCl, were identified as well.

The combination of these results with the findings obtained from artificially aged paint mock-ups (with a composition similar to that of the lake region of the painting) leads us to conclude that the sulfates and sulfites can be interpreted as alteration products of the paint. As the most important outcome of this study, we observed that in high moisture conditions (RH ≥ 95%) and in the presence of different types of cadmium chloride compounds, the oxidation of the original CdS to CdSO~4~ also takes place in the absence of light. Whether the migration of (Cd,Cl) compounds is a cause or an effect of the CdS oxidation or simply takes place in parallel is not yet resolved. This observation has opened the way for a targeted research on the oxidation mechanism of CdS-based pigments in oil binder under high moisture conditions and in the presence of various chloride compounds (e.g., KCl, NaCl, CdCl~2~·nH~2~O, and CdCl~2~). Studies are still ongoing, and their results will be published in follow-up papers.

Upon exposure to humidity, next to the oxidation of the original CdS pigment, secondary reactions involving dissolution, migration through the paint, and recrystallization of water-soluble phases such as Na~2~SO~4~ and Cd(OH)Cl/CdCl~2~ may have further contributed to the formation of cadmium sulfates and of various Cl compounds. The nature and distribution of the water-soluble and "mobile" phases determined in the sampled material from *The Scream* (ca. 1910) contribute to explain the instability of the paint in the lake area and the related flaking issue.

Overall, we consider that our findings provided important clues about the degradation mechanism of CdS-based paints, having meaningful implications for the preventive conservation of *The Scream* (ca. 1910). In particular, the degradation of the cadmium yellow paints might be mitigated by minimizing the exposure of the painting to excessively high moisture levels (i.e., RH \< 45%) while keeping the lighting at normal values foreseen for lightfast painting materials ([@R32]).

MATERIALS AND METHODS
=====================

*The Scream* (ca. 1910) (Munch Museum, Oslo, Norway) and corresponding microsample
----------------------------------------------------------------------------------

The version of *The Scream* (ca. 1910) (tempera and oil on unprimed cardboard, 83.5 cm by 66 cm; catalog no. Woll.M.896) belonging to the Munch Museum is neither signed nor dated. Earlier research has established that the painting probably stems from around 1910 ([@R1]--[@R3]). The painting, stolen in 2004, has been extensively studied since its return at the Munch Museum in 2006 ([@R3], [@R5]).

The paint microsample that was studied was taken from a spot of the flaked-off yellow paint surface of the lake region in the painting ([Fig. 1](#F1){ref-type="fig"}). It was obtained by scraping the surface, resulting in six discrete micrometric flakes; all of them were directly investigated without any additional preparation. The results obtained from two of them (ScMM~01~ and ScMM~02~; see [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), representative of the composition of the microsampling location, are discussed above.

Preparation of CdS-based oil paint mock-ups
-------------------------------------------

### Early 20th century cadmium yellow pigment

The pigment powder (sample "7914") is dated back to the early 20th century and was provided by the RCE. Paint mock-ups were obtained by mixing the pigment powder, composed of CdCO~3~, Cd(OH)Cl, KCl, and poorly crystalline hex-CdS \[see table S1 and ([@R19]) for further information\], with linseed oil (Zecchi) in a 4:1 mass ratio and applied on polycarbonate slices.

### Munch's oil paint tube

The analyzed sample (LFG 2.4; table S1 and [Fig. 7](#F7){ref-type="fig"}), produced by Lefranc (Paris) and labeled as *Jaune de cadmium citron* (cadmium yellow lemon), is from the collection of oil paint tubes (more than 900 in total) that Edvard Munch (1863 to 1944) used in the last period of his life, in the atelier in Ekely (1916 to 1944). It is likely that some paint materials were bought before these dates ([@R3]). The tubes are part of a corpus of atelier materials that the painter donated to the city of Oslo after his death, now hosted at the Munch Museum. The paint sample (less than 1 g) was obtained by softly squeezing the paint tube (still with cap; fig. S6A) in small vials; afterward, this paint was applied on a polycarbonate support.

### Commercial hex-CdS pigment

Paint mock-ups were prepared by mixing powders of crystalline hex-CdS (Sigma-Aldrich) with an equal amount of both Na~2~SO~4~ and CdCl~2~ (sample "hex-CdS~*Na2SO4-CdCl2*~") in a 4:1 mass ratio (table S1 and figs. S7 and S8). A blend of the powder mixtures with linseed oil (4:1 mass ratio) was applied on areas of about 1.5 cm by 1.5 cm on a polycarbonate support.

Accelerated aging experiments of CdS-based oil paint mock-ups
-------------------------------------------------------------

UVA-vis photochemical aging experiments of the 7914 oil paint mock-ups were carried out by allocating the touch-dried paints (i.e., after about 1 month since their preparation) inside an in-house--made aging chamber equipped with a UV-filtered 300-W Cermax xenon lamp \[λ ≥ 300 nm; see ([@R33]) for the corresponding emission spectral profile\] either at RH = 45% (indoor humidity level, measured daily using a thermohygrometer) or at RH ≥ 95% (obtained using distilled water). These aging conditions are referred to as UVA-vis~45%RH~ and UVA-vis~95%RH~, respectively. The measured irradiance and temperature at the sample position were 1.8 × 10^3^ to 2.7 × 10^3^ W/m^2^ and 25° to 30°C, respectively. Paints were irradiated for 430 to 640 hours to achieve radiant exposure values of ca. 1.2 × 10^6^ W/m^2^·hour. Thermal aging treatments (denoted as "thermal~95%RH~") of all CdS-based oil paint mock-ups were performed by placing the touch-dried paints in a vessel maintained in the dark at RH ≥95% (obtained using distilled water) and at 40°C for an overall period of 90 to 100 days (2160 to 2400 hours).

MA-XRF mapping
--------------

MA-XRF scanning was carried out using the CRONO instrument by XGLab (Bruker Nano Analytics) ([@R34]). The system has a measurement head equipped with a large area silicon drift detector and a Rh anode tube operating at 50 kV and 200 μA. The measurement head is mounted on a motorized *XYZ* stage (scanning area, 450 mm by 600 mm and focusing axis, 75 mm). The painting was scanned using a 1-mm pinhole collimator with a linear speed of 20 mm/s and acquisition time of 40 ms per spectrum. XRF elemental maps were produced by the PyMca ([@R35]) and Datamuncher ([@R36]) software packages.

Fluorescence hyperspectral imaging
----------------------------------

Two Honle LEDLINE 500 light-emitting diode systems with emission at 405 nm were used as excitation sources for the luminescence measurements. Investigations were performed by means of a Surface Optics Corporation SOC710 hyperspectral camera. The system uses a whiskbroom line scanner, producing a 696 × 520 pixels hypercube in the spectral range of 400 to 1000 nm, with 128 bands and 4.5 nm spectral resolution, radiometrically calibrated in the whole spectral range. The lateral resolution was continuously modulated by an adjustable focal length of the mounted objective. The fluorescence hypercube of the whole painting has been reconstructed by assembling 15 single frames collected at a resolution of about 70 dots per inch, using the pixel-based mosaicking routine present in the ENVI Classic software. From the whole hyperspectral fluorescence image, any single spectral band (i.e., band at 775 nm of [Fig. 2C](#F2){ref-type="fig"}) was mapped by adjusting the brightness to obtain the dark (or zero) contribution from an area that clearly does not contain the species emitting at the selected spectral band.

UV-vis-NIR measurements
-----------------------

UV-vis-NIR reflection and fluorescence investigations at selected locations of the painting were performed by a self-assembled portable instrument. A deuterium-halogen lamp (AvaLight-DHc, Avantes), a highly sensitive charge-coupled device (CCD) spectrometer (AvaSpec-2048 USB2, Avantes; range, 200 to 1100 nm and spectral resolution, 8 nm), and a thermoelectrically cooled InGaAs detector (AvaSpec-NIR256-1.7TEC; range, 950 to 1600 nm and spectral resolution, 24 nm) were used for carrying out reflection measurements. An ultracompact diode laser (Toptica Photonics AG, DE; 445 nm, 1-mW nominal power), integrated into the same apparatus and coupled with two high-sensitivity calibrated CCD spectrometers (i.e., AvaSpec-NIR256-1.7TEC and AvaSpec-ULS2048 XL-RS-USB2; range, 300 to 1150 nm and spectral resolution, 9.2 nm), was used for performing fluorescence measurements. The instrument has a dedicated fiber-optic system, designed to direct all the excitation sources to the same point of the analyzed surface and, at the same time, collect both the reflected and emitted light, bringing them to the different detectors. The probe area is less than 2 mm^2^. Measurements were carried out with an integration time of 600 ms and 30 averages for each acquisition.

FTIR measurements
-----------------

A portable ALPHA spectrometer (Bruker) was used for performing reflection investigations at selected spots of the painting and attenuated total reflection (ATR) measurements at the surface of all CdS-based oil paint mock-ups before and after aging. Pseudo-absorbance spectra \[log(1/*R*); *R* is reflectance\] were obtained using an external reflection module from areas of about 7 mm^2^. Data were acquired in the range of 7400 to 345 cm^−1^, at a resolution of 4 cm^−1^ and for 3 min.

ATR spectra were collected by means of a Platinum QuickSnap ATR sampling module (A220/D-01) equipped with a diamond crystal plate. Data were recorded in the range of 4000 to 345 cm^−1^, with 4 cm^−1^ spectral resolution and 168 scans.

μ-Raman investigations
----------------------

Microflakes obtained from *The Scream* (ca. 1910) and thin sections (\~5 μm in thickness) prepared from hex-CdS~*Na2SO4-CdCl2*~ paint mock-ups were investigated by means of a JASCO NRS-3100 double-grating spectrophotometer. The instrument is connected to an optical microscope (×100 objective) and is equipped with a CCD detector cooled down to −47°C.

The analyses were performed using a 514.5 nm argon-ion laser and a grating with 1200 lines/mm. Profiles were collected in the range of 2130 to 120 cm^−1^, with ca. 2 cm^−1^ spectral resolution, 2 to 3 s exposure time, 40 to 60 scans, and 0.4 to 1 mW power.

Mapping experiments of paint mock-ups before and after thermal aging were performed by recording the spectra point by point by means of a 785.0 nm diode laser and with step size down to 2 × 1 μm^2^ (*h* × *v*). Each profile was acquired in the range of 1855 to 120 cm^−1^, with a spectral resolution between 2 and 4 cm^−1^ and by using a grating with 600 lines/mm . The exposure time varied between 3 and 4 s per point, with three scans per point and 7 to 8 mW power.

SR-based μ-XRF and XANES measurements
-------------------------------------

S, Cl, and Cd speciation investigations of the microflakes obtained from *The Scream* (ca. 1910) and thin sections (5 to 10 μm in thickness) of CdS-based oil paint mock-ups were performed at the scanning x-ray microscope (SXM) and the FF-XANES end stations hosted at the X-ray Microscope Beamline ID21 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) ([@R37]). Investigations were carried out by means of a fixed exit double-crystal Si(111) monochromator at both the SXM and FF-XANES end stations. The energy calibration was performed using CaSO~4~·2H~2~O, NaCl, and a Cd foil as standards and by setting the position of the peak maximum of their first-order derivative spectrum at 2.4829, 2.8261, and 3.5418 keV, respectively.

At the SXM-end station, the incident beam was focused with Kirkpatrick-Baez mirrors down to a diameter of 0.6 × 0.3 μm^2^ (*h* × *v*). XRF signals were collected at 69° with respect to the incident beam direction by means of a single energy-dispersive silicon drift detector (XFlash 5100, Bruker).

Single-point μ-XANES spectra were acquired in XRF mode by scanning the primary energy at the absorption edge of the following elements: S K-edge (2.46 to 2.53 keV; energy step, 0.18 eV), Cl K-edge (2.79 to 2.89 keV; energy step, 0.25 eV), and Cd L~3~-edge (3.5 to 3.7 keV; energy step, 0.4 eV).The normalization and the LCF of the spectra against a library of XANES spectra of S, Cl, and Cd reference compounds were performed by means of the ATHENA software ([@R38]). The LCF procedure permitted to quantitatively determine the average relative amount of sulfate (S^VI^), sulfite (S^IV^), and sulfide (S^-II^) compounds (expressed as %\[S^VI^\]/\[S~total~\], %\[S^IV^\]/\[S~total~\], and %\[S^-II^\]/\[S~total~\]) and of different Cd and Cl compounds. During the S K-edge μ-XANES analysis, care was taken to ensure that the sulfite-related signals were not artifacts of the measurement process (e.g., due to beam-induced reduction of sulfates).

μ-XRF mapping experiments were performed by using a monochromatic primary beam of fixed energy around the S K- and Cd L~3~-edges. Maps of the same region of interest were recorded using either 80 or 100 ms per pixel at three different energies: (i) 2.473 and 2.482 keV to favor the excitation of the S^-II^ and S^VI^ species, respectively, and (ii) 3.7 keV to obtain the XRF intensity of all S, Cl, and Cd species. The software PyMca ([@R35]) was used to fit the XRF spectra and to separate the contribution of different elements. The experimental procedure used for recording and producing the S^-II^ and S^VI^ chemical state maps is described in a previous study ([@R17]).

Cd L~3~-edge FF-XANES imaging of a thin section (\~2 µm in thickness) obtained from the thermally aged paint 7914 was carried out by means of an unfocused beam (size of \~1.5 mm by 1.5 mm). A Lu~2~SiO~5~:Tb scintillator (located less than 2 mm downstream the sample) was used to convert x-ray transmission images into visible images. A ×10 optical objective was used to magnify the image onto a complementary metal-oxide semiconductor camera (PCO edge, Germany), giving a pixel size of \~0.65 μm by 0.65 μm and a spatial resolution of \~1.5 μm. The maximum field of view is around 1.5 mm by 1.5 mm. A stack of 214 x-ray radiographs was recorded while tuning the x-ray energy across the Cd L~3~-edge with the following variable step sizes: (i) 5 eV in the range of 3.4880 to 3.5239 keV and 3.6380 to 3.7180 keV, (ii) 0.5 eV in the region of 3.2530 to 3.5980 keV, and (iii) 1 eV in the range of 3.5980 to 3.6380 keV. The dark- and flat-field correction and the image alignment were performed by using the Spectrocrunch library ([@R37]). The TXM-Wizard software package ([@R39]) was used to produce the chemical state maps of different Cd compounds. After determination of the edge-jump, noise filtering, and normalization, Cd phase maps were obtained by describing the XANES spectra at each pixel as LCF of a set of XANES spectra of different Cd reference compounds.

SR-based μ-XRD mapping
----------------------

Microflakes obtained from *The Scream* (ca. 1910) were analyzed at the μ-XRD/μ-XRF end station of beamline ID21 at ESRF ([@R37]), whereas thin sections of the CdS-based oil paint mock-ups were investigated at the microprobe hutch of the Hard X-ray Micro/Nanoprobe beamline P06 of the PETRA III storage ring (DESY, Hamburg) ([@R40]). Incident energies of 8.53 and 21 keV were used at ESRF-ID21 and DESY-P06, respectively, and were selected by means of a Si(111) crystal monochromator. A Kirkpatrick-Baez mirror system was used to focus the beam down to 2 × 1 μm^2^ (*h* × *v*) and down to around 0.7 × 0.7 μm^2^ (*h* × *v*) during the investigations at ESRF-ID21 and DESY-P06, respectively. XRD signals were recorded in transmission geometry using two different detection systems: a taper optics CCD 'FReLoN' camera (2048 × 2048 pixels, pixel size of 52 μm) was used during the analysis at ESRF-ID21, while a PILATUS 300K area detector was used for measurements at DESY-P06. μ-XRD patterns were acquired with either 10 or 1 s per pixel at ESRF-ID21 and DESY-P06, respectively. Calibration of the diffraction setups was performed using either a corundum (Al~2~O~3~) or a LaB~6~ reference sample at ESRF-ID21 and DESY-P06, respectively. Crystalline phase distribution maps were obtained by full pattern refinement using the XRDUA software package ([@R41]).
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